A number of types of stem cells have been shown to be effective in wound repair. In the present study the effect of homeobox A4 (HOXA4) overexpression by human umbilical cord mesenchymal stem cells (hUMSCs) on full-thickness skin repair was evaluated. Isolated hUMSCs were transfected with a lentivirus expressing HOXA4 and cultured for 21 days. Expression of the epidermal cell-specific markers, cytokeratins 14 and 18, was detected by immunohistochemistry and flow cytometry. Full-thickness skin defects (1.5 cm x 1.5 cm) were made on the backs of 45 nude mice, which were randomly divided into the following three treatment groups: Collagen membrane with lenti-HOXA4 hUMSC seed cells; collagen membrane with lentivirus expressing green fluorescent protein; and collagen membrane alone. On days 7, 14 and 21 following transplantation, tissue samples were harvested and examined by histology and western blot analysis. Flow cytometry showed that the transfection efficiency was 95.41% at a multiplicity of infection of 100, and that the lenti-HOXA4 hUMSCs differentiated into epidermal cells, expressing cytokeratins 14 and 18. In addition, re-epithelialization of wounds treated with lenti-HOXA4 hUMSCs was significantly greater than that in the control groups in the first week. By week three the epidermis was significantly thicker in the lenti-HOXA4 group than the control groups. Thus, transplantation of hUMSCs modified with Ad-HOXA4 promoted wound healing.
Introduction
Advances in understanding of the molecular mechanisms involved in wound repair have demonstrated a role for distant stem cells in supporting wound healing (1, 2) . Human umbilical cord mesenchymal stem cells (hUMSCs) may represent an important seed cell for tissue engineering due to their capacity for self-renewal and multilineage differentiation (3, 4) . Stem cells may also represent an effective vehicle for gene delivery (5, 6) . The homeobox (HOX) family of transcription factors influence bone marrow-derived cell differentiation, migration and adhesion to injured tissue (7) . In multicellular organisms, HOX genes regulate body morphology formation, and the differentiation and embryonic development of the axial skeleton, gastrointestinal tract, urogenital tube, external genital duct, central nervous system, hematopoietic system, and the limbs and skin (8, 9) . In adults, HOX genes are involved in maintaining positional identity, tissue homeostasis and remodeling in normal tissue and during wound healing (7, 10) . HOXA4 gene expression has been observed in keratinocytes, fibroblasts and mesenchymal stem cells in embryonic and adult skin, as well as hair follicles (11) . In addition, HOXA4 regulates cell chemotaxis, migration, proliferation and differentiation during the reconstruction and healing of damaged tissue (5) .
The present study analyzed whether HOXA4 expression by hUMSCs enhanced the differentiation of these cells into epidermal-like cells in order to promote skin repair. The aim was to provide a basis for the development of novel combined gene and stem cell-based therapies for wound repair.
Materials and methods
hUMSC isolation, culture and phenotype analysis. This study was approved by the institutional review board of the Second Affiliated Hospital of Nancheng University (Nanchang, China) in compliance with the Declaration of Helsinki. Written informed consent was obtained from the patients' families, for removal and storage of a fresh human umbilical cord from a single infant in Hank's balanced salt solution (Sigma-Aldrich, St Louis, MO, USA) for 24 h prior to the isolation of hUMSCs hUMSC infection and differentiation. Cells in the third passage were infected with a lentiviral vector containing either green fluorescent protein alone (lenti-GFP) or GFP and HOXA4 (lenti-HOXA4, Invitrogen Life Technologies, Grand Island, NY, USA) overnight at a multiplicity of infection (MOI) of 60 plaque-forming units (PFU)/cell. hUMSCs were incubated in DMEM/F-12 media supplemented with 0.5 µM dexamethasone (Sigma-Aldrich) and 10 ng/ml epidermal growth factor (PeproTech, Inc., Rocky Hill, NJ, USA) for 2 weeks. The efficiency of transduction was determined by analysis of GFP expression using fluorescence microscopy (TE-2000, Nikon Corporation, Tokyo, Japan), by calculating the ratio of GFP-positive cells (green fluorescence) to the total number of cells.
Flow cytometry. Cells were suspended in DMEM (5x10 6 /ml), permeabilized in 0.1% Triton X-100 (Sigma-Aldrich), and incubated with 150 µl mouse anti-human cytokeratin 14 and 18 antibodies followed by FITC-conjugated anti-mouse antibodies (10 mg/ml; all from BD Biosciences). Cells were washed twice with phosphate-buffered saline (PBS), centrifuged at 600 x g for 5 min, and fixed in 1.5 ml of 4% paraformaldehyde. Control samples were incubated with PBS in place of a primary antibody or an isotype-matched control IgG. Cell labeling was evaluated in 1x10 6 cells using a FACScan (BD Biosciences).
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated using TRIzol ® reagent (Invitrogen Life Technologies), and 1 µg was used for cDNA synthesis using the Transcriptor Universal cDNA Master (Roche Diagnostics, Indianapolis, IN, USA). cDNA was obtained by reverse transcription according to the manufacturer's instructions (Tiangen Biotech Co., Ltd., Beijing, China). The PCR reaction was conducted using 1 µl cDNA, 5 µl of 10X PCR buffer, (Takara Bio, Inc., Otsu, Japan) 1.5 µl of 2 mM magnesium chloride, 1 µl specific HOXA4 primers (20 pM per primer), 1 µl of 10 mM dNTP mix (Takara Bio, Inc.), and 1 µl Taq DNA polymerase (5 U/ml; Takara Bio, Inc.) in a total volume of 0.5 µl. The HOXA4 primer sequences were as follows: For wa rd: 5'-CG CG C TAG CATGACCATGAG C TC-GTTTTTG-3' and reverse: 5'-GCGCGATCGTACTGGTAC TCGAGCAAAAAC-3'. Samples were amplified in a thermocycler (Applied Biosystems Life Technologies, Foster City, CA, USA) under the following conditions: 95˚C for 2 min; 95˚C for 30 sec, 55˚C for 54 sec and 72˚C for 60 sec for 33 cycles; and 72˚C for 5 min. The PCR products were separated with an agarose gel and stained with ethidium bromide (Sigma-Aldrich).
Immunocytochemistry. Cells were fixed in 4% paraformaldehyde, permeabilized and blocked with 0.4% Triton X-100 and 5% bovine serum albumin (Sigma-Aldrich) in PBS, and incubated with human-cytokeratin 14 and 18 antibodies (BD Biosciences). Following incubation with biotinylated goat anti-rabbit IgG, staining was visualized using an avidin biotin complex (ABC)-peroxidase kit (Sigma-Aldrich), 3,3-diaminobenzidine tetrahydrochloride and counterstained with hematoxylin. For the negative control, the primary antibody was omitted. The slides were observed under an Olympus microscope (BX51, Olympus Corporation, Tokyo, Japan), in order to calculate the ratio of positive cells (brown fluorescence) to the total number of cells.
In vivo model of full-thickness skin defects. Collagen was prepared from the tails of Sprague-Dawley rats as previously described (13) . All animal procedures used approved protocols in accordance with the regulations of the Animal Care and Experiment Committee of the Nanchang University School of Medicine. Forty-five nude mice were purchased from Shanghai Experimental Animal Laboratory (Shanghai, China). Following intraperitoneal administration of ketamine (10 mg/100 g; Sigma-Aldrich), full-thickness skin defects (1.5x1.5 cm 2 ) were made on the backs of all nude mice, which were randomly divided into the following groups, with 15 mice in each group: Collagen membrane with 1x10 6 lenti-HOXA4 hUMSCs; collagen membrane with 1x10 6 lenti-GFP hUMSCs and collagen membrane alone. Cells were seeded evenly on the collagen membrane, which was then directly applied to the wound as previously described (14) . At day 21, the mice were sacrificed by cervical dislocation following anesthesia with IP ketamine (100 mg/kg) and xylazine (5 mg/kg; Sigma-Aldrich), and wound tissue samples were harvested. One section of tissue was fixed with 10% formalin, cut into 3-µm sections, stained with hematoxylin and eosin, and observed with a light microscope (BX51, Olympus Corporation). The remaining piece was processed for western blot analysis.
Western blot analysis. Total protein was extracted using a triplex lysis buffer (Roche Diagnostics, Basel, Switzerland). Total protein (20 µg) was separated on a 10% SDS polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (EMD Millipore, Billerca, MA, USA). The membrane was blocked with non-fat dry milk and incubated with mouse monoclonal anti-HOXA4 antibody (1:100) or mouse monoclonal anti-actin antibody (1:500) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight, followed by incubation with monoclonal rabbit anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibody (1:5,000; Santa Cruz Biotechnology, Inc.) at room temperature for 1-2 h. Color was developed using an enhanced chemiluminescence kit (Thermo Fisher, Scientific, Waltham, MA, USA). The relative HOXA4 protein expression was determined as the gray value of HOXA4 band/gray value of actin band using a gel imaging analysis system (Syngene, Frederick, MD, USA).
Statistical analysis. Continuous variables are presented as the mean ± standard deviation. For comparisons of three treatment groups, one-way analysis of variance was undertaken. When a significant difference between groups was apparent, multiple comparisons were performed using the Bonferroni procedure with type I error adjustment. All statistical assessments were two-sided and P<0.05 was considered to indicate a statistically significant difference. SAS software package, version 9.2 (SAS Institute, Inc., Cary, NC, USA) was used for statistical analysis.
Results

Identity of the isolated hUMSCs.
The percentage of cells positive for the markers investigated was as follows: CD13, 1.31±0.27%; CD34, 0.19±0.04%; CD45, 2.71±0.56%; CD33, 2.34±0.64%; CD29, 33.35±0.89%; CD54, 67.51±4.58%; CD105, 74.33±6.08%; and CD166, 81.99±6.56%. Thus, the isolated cells were confirmed as hUMSCs.
HOXA4 gene transduction of hUMSCs.
The efficiency of lenti-HOXA4 gene transduction was determined in each group simultaneously by evaluating the percentages of GFP-positive hUMSCs at days 3, 7 and 14, which were 90.3, 81.6 and 70.4%, respectively (Fig. 1A) . HOXA4 gene expression was analyzed using RT-PCR following transduction and culture in a normal medium. At day 7, hUMSCs transduced with lenti-HOXA4 expressed higher levels of HOXA4 than those cells infected with lenti-GFP (Fig. 1B) .
Increased epidermal cell marker expression in lenti-HOXA4
hUMSCs. At 14 days post-lenti-HOXA4 infection, expression of cytokeratin 14 and 18 was increased compared with that in the control groups ( Fig. 2A) . The proportion of CK14-positive cells in the hUMSCs, lenti-GFP hUMSCs and lenti-HOXA4 hUMSCs groups was 1.22±0.13, 1.31±0.24 and 32.98±5.12%, respectively. The proportion of CK18-positive cells was 1.22±0.13, 1.3±0.14 and 45.13±4.5% in the hUMSCs, lenti-GFP hUMSCs and lenti-HOXA4 hUMSCs, respectively. These results were confirmed using flow cytometric analysis. In hUMSCs, CK14 and CK18 expression was observed in 1.58 and 5.17% of the cells, respectively; whereas these markers were detected in 32.84 and 41.14%, respectively, of cells transduced with lenti-HOXA4 (Fig. 2B) .
In vivo epidermal regeneration with HOXA4-expressing hUMSCs. Mice with full-thickness skin defects were treated with collagen membrane alone, or evenly seeded with lenti-GFP hUMSCs or lenti-HOXA4 hUMSCs, and histological analysis was undertaken at day 21 post-injury (Fig. 3) , at which time macroscopic evidence of wound healing was B A also evident. In the collagen membrane control group, the epidermis did not heal, or scar tissue was formed ( Fig. 3A; arrow). Mice treated with lenti-HOXA4 hUMSCs had a thicker epidermis with more organized cell layers compared with that of the lenti-GFP hUMSC group (Fig. 3B and C, respectively) . Furthermore, western blot analysis of the tissues indicated persistent HOXA4 expression in the wounds of mice treated with lenti-HOXA4 hUMSCs (Fig. 4A, lane 1) , which was significantly higher than that in the hUMSCs and lenti-GFP hUMSC groups (P<0.001, Fig. 4B ). Expression of cytokeratins 14 and 18 was also detected in mice treated with lenti-GFP hUMSCs and lenti-HOX4A (Fig. 4C, lane 2) ; however, the expression of each of these cytokeratins was significantly higher in the lenti-HOXA4 hUMSC group than in the lenti-GFP hUMSC group (P≤0.003 and P≤0.001, respectively; Fig. 4C and 4D ).
Discussion
The present study sought to determine whether HOXA4 expression in hUMSCs enhanced their differentiation into In vivo epidermal regeneration following xenografts with HOXA4-expressing hUMSCs. Full-thickness skin defects were treated with (A) a collagen membrane alone, or a collagen membrane evenly seeded with either (B) lenti-GFP hUMSCs or (C) lenti-HOXA4 hUMSCs. At day 21, histological analysis of the wounds was undertaken following hematoxylin and eosin staining. In the collagen membrane control group, the skin was not fully healed, and new epidermis was not formed (arrow; magnification, x40; scale bar, 200 µm). In the lenti-GFP hUMSC and lenti-HOXA4 hUMSC groups, the epidermis (arrows) was formed (magnification, x100; scale bar, 100 µm). However, the epidermis was thicker and the cell layers more organized in the wounds treated with HOXA4-expressing hUMSCs than in the control group. Lenti-HOXA4, lentivirus expressing homeobox A4; hUMSCs, human umbilical cord mesenchymal stem cells; lenti-GFP, lentivirus expressing green fluorescent protein. Since embryonic MSCs are able to differentiate into epidermal cells in vitro and in vivo (15) , the application of these cells in acute and chronic wound therapy has been investigated. Studies have shown that following transplantation via tail vein injection, hUMSCs migrate to the skin and differentiate into epithelial cells (16, 17) . In addition, an artificial skin, consisting of epidermal stem cells and fibroblasts on a collagen lattice, was shown to promote wound healing in mice (18) . Besides their regenerative capacity, the use of MSCs as vehicles for gene delivery has been explored (5,6). Improved wound healing was reported following the administration of MSCs expressing various growth factors and cytokines (19) (20) (21) . In the present study, persistent expression of HOXA4 in hUMSCs was observed at 21 days following transduction, suggesting that these cells are also capable of carrying foreign genes, thus potentially enhancing cell therapy.
The HOXA4 gene is expressed in skin, amongst other tissues (22, 23) and is known to regulate cell differentiation during the reconstruction and healing of damaged tissue (5). We therefore hypothesized that its expression by hUMSCs may enhance their capacity to differentiate into epidermal cells. Following incubation with epidermal-inducing agents, HOXA4-expressing hUMSCs differentiated into epidermal-like cells and were demonstrated to express cytokeratins 14 and 18. Further studies may thus directly assess the effects of HOXA4 expression on hUMSC differentiation into keratinocytes. Furthermore, recent data have indicated that Mospd1 gene expression may regulate mesenchymal to epithelial transition (13, 18) ; therefore, future studies may be conducted in order to assess its value in promoting differentiation.
In the current study, wounds treated with lenti-HOXA4 hUMSCs appeared to have a thicker epidermis on day 21 following injury. Thus, lenti-HOXA4 hUMSCs may improve wound healing and reduce scar formation. However, the mechanism underlying these effects remains unknown. The expression of HOXA4 may, for example, increase the expression of Cyclin D1 and Bcl-2, or it may reduce the expression of P21WAF/CIPI, thereby promoting cell proliferation and inhibiting apoptosis (24) . This group intends to investigate these possible mechanisms in future studies.
The present study is limited in that the re-epithelialized epidermis was not evaluated for the presence of hUMSC-derived keratinocytes. In addition, the extent of wound healing was only assessed on day 21; therefore, differences at earlier time points may have been missed. Furthermore, changes in the epidermal thickness were not quantified. Finally, although HOXA4 mRNA 
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expression was determined following transduction of the hUMSCs, its protein expression levels were not assessed.
In conclusion, lenti-HOXA4 hUMSCs enhanced wound repair and may represent a novel therapeutic approach for burns and chronic wounds. Further studies are required to elucidate the molecular mechanisms governing this promotion of wound healing.
